We report nanomagnetic switching with Acoustic Waves (AW) 
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However, the challenge is to find an energy-efficient paradigm to switch the magnetic state of nanomagnets while dissipating very little energy in the process. The various ways to induce magnetization switching include the use of electric current-generated magnetic field [3] , spin transfer torque [4] , current-driven domain wall motion [5] , current-induced spin orbit torque or spin hall effect [6, 7] , or through strain generated by applying an electrical voltage to a multiferroic nanomagnet [8] [9] [10] [11] [12] [13] [14] . The energy dissipated in magnetization switching by applying strain in two phase elastically coupled multiferroic nanomagnets can be as low as 0.6 atto-Joules [15, 16] , making it a promising switching mechanism. This strain is generated by application of an electrostatic potential to the piezoelectric layer and transferred to the magnetostrictive nanomagnet elastically coupled to it to implement an energy efficient method of magnetic state-switching as discussed in [13, 17] .
Strain can be generated in a two-phase multiferroic nanomagnet by direct application of a voltage across the piezoelectric layer [11, 12] using contact pads. However, for some applications, such as Bennett clocking of pipelined dipole coupled logic [18] , it would be necessary to apply strain sequentially to successive nanomagnets in an array. This would be lithographically challenging in an array of nanomagnets of feature size ~100 nm and pitch 300-500 nm as it requires individual contact pads around each nanomagnet. An acoustic wave launched in the direction of the array with the appropriate wavelength, on the other hand, will sequentially generate local stress underneath each nanomagnet (when a crest of the wave reaches a nanomagnet), thereby effectively carrying out Bennett clocking of pipelined dipole coupled logic without lithographic contacts to individual nanomagnets. This affords the best of both worldspipelined nonmagnetic logic for high speed computing and minimal lithography for high yield and low cost.
The acoustic wave required must have a phase velocity that is slow enough so that the stress dwells long enough for the reversal to occur. Therefore, there is a need to reduce the acoustic wave velocity and this has been theoretically shown to be as low as 470 m/s for X-cut PMN-33%PT poled along [111] c [19] . In this paper, we demonstrate a simple proof of concept of achieving a NOT gate using dipole coupled multiferroic nanomagnets.
The use of Surface Acoustic Wave (SAW) to lower energy dissipation in switching of nanomagnets with spin transfer torque has been studied theoretically [20] . The periodic switching of magnetization between hard and easy axis of 40 m × 10 m × 10 nm Co bars sputtered on GaAs [21] and Ni films [22] was experimentally shown while the excitation of spin wave modes in a (Ga, Mn) As layer by a pico-second strain pulse has also been demonstrated [23] . On in-plane magnetized systems, SAWs have been used to drive ferromagnetic resonance in thin Ni films [24, 25] . Recent theoretical work discusses the possibility of complete reversal of magnetization with acoustic pulses [26, 27] . The effect of acoustic waves on magnetization switching in single domain isolated nanomagnets to a non-volatile vortex state has also been demonstrated [28] . The pre-stress state, which is a single domain state, goes into a vortex state upon application of the acoustic waves, and remains in the "vortex" state even after the waves have propagated through and there is no longer any strain in the nanomagnets. The vortex state is therefore non-volatile.
In this paper, we demonstrate, for the first time, acoustic wave-based magnetization reversal of single domain, dipole coupled, elliptical cobalt nanomagnets that implements a Boolean 'NOT' gate. In the prestress state, the magnetization of the nanomagnets are 'initialized' by a strong external magnetic field (FIG.   1a) and are single-domain in nature. Upon wave propagation (FIG. 1b) , the magnetization of the nanomagnets having lower shape anisotropy switches and 'reverses' due to the dipole interaction with the neighboring nanomagnet having higher shape anisotropy (the stress anisotropy energy is unable to overcome this high shape anisotropy). This 'reversed' magnetization state persists even after the acoustic wave has propagated and is no longer straining these nanomagnets. Magnetic Force Microscopy (MFM) is used to characterize the nanomagnets' magnetic state before and after the acoustic wave clocking cycle is applied.
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The wavelength of the acoustic wave is set to be 800 µm. This is to ensure that the wavelength is large enough that the strain across the nanomagnets is uniform. The Interdigitated transducers (IDTs) are a comblike arrangement of rectangular aluminum bars of thickness 300 um and gap of 100 m. The pitch of the IDTs is 400 m which is exactly half the value of the intended acoustic wave wavelength.
The transmitter response function is µ(f), which is a function of the frequency of applied voltage, f. This transmitter response function is, in turn, a product of the single tap response function µ s (f, η) and Array factor, H(f):
The single tap response function varies with frequency, f, and the metallization ratio, η. 
6 performed using a Hitachi SU-70 Scanning Electron Microscope (at an accelerating voltage of 30 kV and 60 pA beam current) with a Nabity NPGS lithography system. Subsequently, the resists were developed in MIBK:IPA (1:3) for 270 seconds followed by a cold IPA rinse. For nanomagnet delineation, a 5 nm thick
Ti adhesion layer was first deposited using e-beam evaporation at a base pressure of ~2 × 10 -7
Torr, followed by the deposition of 10 nm of Co. The liftoff was carried out using Remover PG solution.
The acoustic waves are excited and detected by aluminum Interdigital transducers (IDTs) fabricated on a piezoelectric lithium niobate substrate. The acoustic waves cause a Rayleigh mode of displacement on the surface of Lithium niobate in the delay line between the transmitter and receiver IDTs [29] . We note that while the mathematical treatment used is that for surface acoustic wave (SAW) propagation, we term these waves as "acoustic waves" as the penetration depth which is of the order of a wavelength is comparable to the thickness of the substrates. Hence, we do not term it a surface acoustic wave (SAW). (FIG. 3a) . The magnetization orientation (single-domain) of these nanomagnets is found to be along the major axis, as expected.
Mechanical strain is applied by applying a sinusoidal voltage of 50 V p-p between the IDTs (FIG. 1d) at a characteristic frequency. The relationship between electrostatic potential, φ, and applied sinusoidal voltage, V, is
Here µ(f) is the transmitter response function. Using the earlier calculated value of µ(f) =2.016, electrostatic potential, φ, in the delay line of Lithium niobate is 100.8 V. The particle displacement on a lithium niobate substrate is known to be 0.18 nm per volt of electrostatic potential [26] . Thus the maximum strain generated 7 by this acoustic wave over a length of 340 nm is calculated to be 142.5 ppm, as explained in Supplementary Section B.
The displacement wave can be expressed as 18.1 sin(2πx/λ) nm, as shown in FIG. 2 . Here, λ is the wavelength of the acoustic wave which is 800 μm. To calculate maximum strain over a length of 340 nm, we need to calculate the displacement at x = 170 nm and x = -170 nm. This is because the strain is maximum around x = 0. The displacement at x = 170 nm is 0.0242 nm and at x = -170 nm is -0.0242 nm. Therefore, the total change is length is 0.0483 nm, and the strain is 0.0483/340 = 142.16 ppm. If we assume the Young's modulus of Co nanomagnets to be equal to the bulk Young's modulus of 209 GPa, the stress is 29.71 MPa.
Assuming that this maximum strain is completely transferred to the multiferroic nanomagnet, the maximum stress applied to the elliptical Co nanomagnets is 30 MPa. During this stress (voltage) application, each nanomagnet experiences cycles of tensile and compressive stress (± 30 MPa) along its major axis. We note that multiple cycles of acoustic waves pass through the nanomagnets, and not just a singular pulse. Since Cobalt has negative magnetostriction, the tensile stress on the lower shape anisotropic nanomagnet (340 nm × 270 nm × 12 nm) results in magnetization rotation towards the minor axis. This is because stress anisotropy shifts the potential energy minimum to an orientation that is perpendicular to the stress axis. The higher shape anisotropic nanomagnets (400 nm × 150 nm × 12 nm) have a greater shape anisotropy energy barrier which the stress anisotropy is unable to beat. After the acoustic wave propagation through the nanomagnets, the magnetization of lower shape anisotropic nanomagnets has an equal probability of either returning to its original orientation or switching its orientation by 180°, since the potential energy landscape reverts to its original state when the stress is withdrawn. This assumption is based on single-domain 
